Living radical polymerization (LRP) of tert-butyl acrylate (tBA) was carried out via dispersion and soap-free emulsion polymerization mediated by cobalt porphyrin [cobalt tetramethoxyphenylporphyrin, (TMOP)Co(II)] and initiated by 2,2 0 -azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044), respectively. The living character was demonstrated by the linear first-order kinetics with different feeding ratios of tBA and (TMOP)Co(II) and a linear increase in the number-average molecular weight was observed with the monomer conversion, as well as the relatively narrow polydispersity. However, only few studies have been reported on (TMOP)Co(II) mediating a living radical dispersion or soap-free emulsion polymerization of tBA. In addition, the obtained poly(tert-butyl acrylate) (PtBA) particles exhibited good uniformity and controlled particle size whether in the dispersion system or in the soap-free emulsion polymerization.
Introduction
Dispersion and emulsion polymerization, which are radical polymerization techniques, have been used for coatings, adhesives, inks, and many industrial applications.
1 Dispersion and emulsion polymerization technologies possess unique advantages, such as faster polymerization rate, polymers with high molecular weight, good heat transfer, low viscosity, and direct application.
2,3 However, they also have some drawbacks including the contamination of product with additives and no easy control in the case of hydrophilic monomers and polymer structures (composition, shape, topology, and functionality). 4, 5 To overcome these disadvantages, the living/controlled radical polymerization (L/CRP) was developed, 6, 7 allowing the designing of specialty polymers such as macromonomers, functional polymers, block polymers, and gra (comb or star) polymers. However, only few studies have been reported on the LRP of tert-butyl acrylate in the dispersion system and soap-free emulsion polymerization. The LRP system could be obtained via reversible addition fragmentation transfer (RAFT), 8, 9 atom transfer radical polymerization (ATRP), 10, 11 nitroxide-mediated radical polymerization (NMRP), 12, 13 and organometallic-mediated radical polymerization (OMRP).
14,15
Particularly, cobalt complex-mediated radical polymerization (CMRP) represents one of the most successful and efficient
OMRPs. 16 This process relies on the temporary deactivation of the propagating radicals by cobalt(II) complexes with the formation of organocobalt(III) dormant species. Since the Co-C bond cleavage can be achieved under mild conditions, thermal-initiated LRP mediated by organocobalt porphyrins has recently received signicant attention due to its inherent advantages including environmentally benign reagents, low activation energy, simple operation processes, and mild polymerization conditions. 17, 18 Tetramesityl porphyrin cobalt ((TMP)Co(II)) was used to mediate the LRP of acrylates by Wayland and his coworkers for many years and it provided rather low polydispersity homopolymers and several copolymers. [17] [18] [19] [20] [21] [22] Very large steric requirements and restrictive solubility characteristics for (TMP)Co limit the scope of monomers that can be incorporated into block copolymers. The formation and application of brominated and sulfonated cobalt porphyrin complexes allowed LRP to speed up the polymerization of acrylates 18 and to mediate the polymerization of acrylic acid in an aqueous medium, 17 respectively. In addition, cobalt porphyrin substituted by three mesityl groups and one phenyl group that has a long chain alcohol in the para-position (TMP-OH) was designed to increase the solubility in different classes of solvents, which has been applied in the radical polymerizations of various acrylates and acrylamides [23] [24] [25] mediated by (TMP-OH)Co and initiated by azobis(isobutyronitrile) (AIBN) in benzene and methanol. In addition, tertiary butyl acrylate, which was only poorly controlled by (TMP)Co, 20, 21 was observed to be well controlled by (TMP-OH)Co in both benzene and methanol. However, the abovementioned LRP reactions were performed in the solution polymerization process, and to date, little research has been reported on the LRP of tert-butyl acrylate in the dispersion system and soap-free emulsion polymerization via CMRP.
Recently, we reported the dispersion polymerization of acrylamide (AM) mediated by (TMOP)Co(II). 26 The synthesized poly (AM) had narrow polydispersity values (M w /M n ¼ 1.09-1.35) and the corresponding molecular weight (M n ) linearly increased with the monomer conversion. However, the conversion was relatively low ($40%). Herein, the dispersion and soap-free emulsion polymerization of tert-butyl acrylate were applied to obtain PtBA with low-molecular weight (less than 100 000 g mol À1 ) and relatively narrow molecular distribution. These polymerizations obtained via CMRP were mediated by (TMOP) Co(II) and initiated by VA-044 in an environmentally friendly process and the conversion reached about 60-72% with the living character (Scheme 1). 
Experimental

Preparation of the polymer
The polymer was prepared by the soap-free emulsion polymerization, which was carried out in a 100 mL four-necked ask with a stirrer, a reux condenser, a thermometer, and a nitrogen inlet tube. First, water phase, comprising NaCl (0.05 g), SDS (0.006 mol L À1 ) (the concentration was less than its critical micelle concentration (CMC)), and deionized water, was added to a 50 mL centrifuge tube and thoroughly dissolved. Moreover, monomer phase, including 3 g tBA, 0.005 g (TMOP)Co(II) (molar ratio with 3700/1), and ethanol was ultrasonicated for 10 min, and then added to the medium. The ingredients of the recipe (mixture of water phase and monomer phase) were mixed using a mini whirlpool mixer to form a homogeneous water/oil (W/O) emulsion at ambient temperatures. Finally, all the ingredients were put into the abovementioned 100 mL four-necked roundbottom ask, which was placed in a thermostated water bath at 25 C, purged with nitrogen to remove O 2 , capped, and sealed. The polymerization was initiated by injecting the VA-044 initiator into the system. The reaction mixture was mechanically stirred at 150 rpm for 3 h at 50 C under a nitrogen atmosphere. At regular time intervals, an aliquot was taken for gravimetric conversion measurements and the reaction was stopped by exposure to air and dropwise addition of 5% hydroquinol inhibitor.
In the same manner, the polymer was also prepared by the dispersion polymerization, using the same abovementioned instruments. All the ingredients, such as monomer, PVP, alcohol, and deionized water were added to the 100 mL fournecked ask. Aer purging with nitrogen for 30 min, polymerization was initiated by adding (TMOP)Co(II) and VA-044 into the system. The obtained homogeneous emulsion was rst precipitated in methanol and deionized water (1 : 1 v/v), and then the polymers were prepared by centrifugation and drying under vacuum.
Polymer characterization
The 1 H NMR spectrum of polymer was obtained in CDCl 3 using a Bruker (500 MHz 1 H) NMR spectrometer (Bruker Corporation, Bremen, Germany). The morphologies of the PtBA particles were investigated using a Quanta-250 scanning electron microscope (FEI Corporation, America) and Olympus BX53 optical microscope (Olympus Corporation, Japan). Analytical gel permeation chromatography (GPC) was performed using an Agilent 1200 series system equipped with a VARIAN Polar Gel-M column (300 Â 7.5 mm), an Iso Pump (G1310A), a UV detector at 254 nm, and a differential refractive index detector (RI). The relative molecular weight (M n ) and polydispersity index (PDI) of the polymer were determined using the RI detector. N,NDimethyformamide (DMF) was used as the eluent at 50 C with a ow rate of 1 mL min À1 . Nine narrowly distributed poly (MMA) samples (molecular weight range of 690-1 944 000 g mol À1 , from Poly Laboratories) were used as the calibration standards for the system. The diameters of PtBA particles were measured using the Image-Pro Plus 6.2 soware 27 and a ZEN3690 light scattering particle size analyzer (Malvern Corporation, UK).
Results and discussion
Cobalt porphyrin (TMOP)Co(II) was tested as to whether it can mediate the dispersion polymerization of tBA in alcohol/water at 50 C, as outlined in Table 1 . The semilogarithmic plots for these polymerizations are shown in Fig. 1 . When the conversion Scheme 1 Polymerization of tert-butyl acrylate.
8 reached a certain value with the living character, the rate of polymerization slightly decreased. Similar results have previously been reported for the radical polymerization of methyl acrylate with ((TMP)Co(II)) 21 as well as acrylamide polymerization with RAFT inverse miniemulsion. 8 In the early stage of the polymerization (within 30-70 min, conversion < 60.0%), the plot exhibits an almost straight line, which indicates that the dispersion of the polymerization of tBA follows rst-order kinetics, also indicating the generation of a constant concentration of growing radicals during this stage. 24 However, the rst-order kinetic plot becomes increasingly nonlinear aer 70 min. It is probable that there were two chief causes. First, the thermal-induced LRP mediated by organocobalt porphyrins probably proceeded through a degenerate transfer (DT) pathway;
21 the concentration of radicals for a DT process is primarily determined by the concentration of the external radical source (VA-044), which was excessive relative to the content of (TMOP)Co(II). When the inux of new radicals from VA-044 ended and the polymerization reaction reverted to a slower RT pathway, the rates of polymerization mainly controlled by the radical were maintained at a low concentration by a quasi-equilibrium between (TMP)CoIIc and organocobalt(III) species, which was formed by (TMP)CoIIc and propagating radicals in the solution. First, Fig. 1 also illustrates that on maintaining the amount of (TMOP)Co(II) and keeping the monomer concentration constant, the rate of polymerization decreased with the [tBA] 0 /[Co] 0 molar ratio, which was order with the concentration of VA-044 which generated organic radical captured monomers forming a propagating chain radical at the rst stage of polymerization, where the mechanism of DT is to occupy a signicant place. Second, the polymerization at the high conversion region was affected by the diffusion-controlled phenomena. The polymerization was carried out in a highly concentrated solution aer 70 min (conversion achieved was 60.0%) and the viscosity of the solution greatly increased, which led to the difficulty in monomer diffusion. Thus, the kinetic rate constant values moderately decreased as the polymerization proceeded. 28 The dispersion polymerization of tBA conducted with the same amount of 1, and 4000/1 ratios, respectively), which is the same order for the concentration of (TMOP)Co(II). Thus, high concentration of Co catalysts seem to be most effective. [29] [30] [31] [32] However, the molecular weight distribution of the resulting PtBA is quite broad (PDI > 1.5). 33, 34 The poor control for the dispersion polymerization of tBA that resulted from (TMOP)Co(II) with its very large steric structure restricted its solubility in alcohol/water, and the combined steric demands from the four mesityl groups of (TMOP)Co(II) and the tert-butyl group of tBA could lead to the decrease of the bond dissociation enthalpy of Co-C.
23
Taking the [AM]/[Co] molar ratio of 4000/1 (Fig. 2) as an example, the experimental molecular weight of the PtBA linearly increased with monomer conversion. As shown in Fig. 3 , GPC traces for the polymerization of tBA took the form of single-peak curves and are reasonably symmetrical. These results demonstrated the living character and controllability of (TMOP)Co(II) in the dispersion polymerization of tBA. 17 In addition, the molecular weight slightly deviated from the theoretical molecular weight of the PtBA (Table 1 ). This could be due to the system not fullling the assumption of complete conversion of cobalt(II) into organocobalt(III) in alcohol/water solution.
35,36
For the dispersion polymerization of tAB, PVP containing high binding affinity with polar solvents was chosen as the stabilizer for the synthesis of monodispersed latex particles.
37
PVP concentration was also an important parameter that could inuence the kinetics and subsequently the morphology of the polymer particles. To determine this effect, the reaction was carried out at 10%, 15%, 20%, and 25% keeping the monomer concentration constant, and the morphology of the particles obtained from these reactions are presented in Table 2 and Fig. 4 . The data indicated that the particle size decreased with the increase in the amount of PVP. It was probable that the higher PVP concentration can increase both the adsorption rate of PVP and the viscosity of the continuous phase. These would reduce the extent of aggregation, resulting in smaller particles and a shorter particle formation stage. 38 Experiments were also carried out to investigate the effect of the feeding molar ratio of [tBA] 0 /[Co] 0 on the particles. As shown in Fig. 5 and Table 3 , the particle size decreases from 0.23 to 0.16 mm with the increasing feeding ratio of [tBA] 0 and [Co] 0 in the range from 2000/1 to 4000/1. This experiment was set at keeping the mass of VA-044, (TMOP)Co(II), and PVP constant, as well as keeping the mass concentration of the monomer at 10%. The concentration of the initiator (VA-044) increased with the decreasing feeding ratio of tBA and (TMOP)Co(II). Increasing the initiator concentration caused increase in the instantaneous concentration of the oligomeric radicals, which in turn increased the rate of association of the oligomers and/or the coagulation rate of the unstable nuclei to form larger permanent particle nuclei and, therefore, a larger nal particle size.
39
Furthermore, we also conducted the soap-free emulsion polymerization of tBA mediated by (TMOP)Co(II) with VA-044 acting as the initiator (Table 4) . To evaluate the living character of these polymerization processes, the kinetic rate plots for the polymerization of tBA were studied (Fig. 6) . The soap-free emulsion polymerization of tBA, almost without induction period, was observed to proceed with the linear rst-order kinetics, indicating the generation of a constant concentration of growing radicals during the period of relatively fast polymerization. On keeping the amount of (TMOP)Co(II) and the monomer concentration constant, the rate of polymerization decreased with the [tBA] 0 /[Co] 0 molar ratio, which is the same order for the concentration of (TMOP)Co(II). [29] [30] [31] [32] Indeed, the apparent rate constant values were 1.39 Â 10 À2 , 9.36 Â 10 À3 , and 8.62 Â 10 À3 min À1 , corresponding to 2000/1, 2800/1, and 3700/1, respectively; the result was similar to the dispersion polymerization of tBA. The number-average molecular weight (M n ) and polydispersity (M w /M n ) of PtBA are shown in Fig. 7 . The number-average molecular weight (M n ) linearly increased with the monomer conversion. As shown in Fig. 8 , GPC traces for the polymerization of tBA took the form of single peak curves and were reasonably symmetrical. These results demonstrated the living character and controllability of (TMOP)Co(II) in the soapfree emulsion polymerization of tBA. It can be seen that the polymerization of tBA is observed to be controlled in the soapfree emulsion polymerization. 
The monomer conversion was determined by gravimetric analysis. c M n,th ¼ M w(tBA) Â ratio Â conv (%). d Determined by gel permeation chromatography (GPC) calibrated by poly(MMA) standards. Herein, the morphology of the spherical and uniform particles in the soap-free emulsion polymerization was demonstrated using optical microscopy ( Fig. 9a) , 40 rather than scanning electron microscopy (SEM) or transmission electron microscopy (TEM) techniques because the latex needs to be dried before using the SEM or TEM technique to image the PtBA particles. From Fig. 9b , we can clearly see that the morphology of the dried particles appears to deform compared to that of the particles in the aqueous solution.
Experiments were conducted to investigate the effects of the SDS concentration, NaCl, and alcohol/water volume ratio on the particle size in the soap-free emulsion polymerization of tBA. The data are all shown in Tables 5-7 and Fig. 10-12 . It can be seen from Table 5 and Fig. 10 that the nal particle size decreased with the increasing concentration of SDS. It should be noted from the previous studies that some mechanisms other than micelle nucleation must be responsible for the particle formation process when the surfactant concentration is below the critical micelle concentration (CMC). For example, Priest, 41 Roe, 42 and Fitch and Tsai 43 proposed the homogeneous nucleation mechanism for the formation of particle nuclei in the continuous aqueous phase. The surfactant species required to stabilize the primary particles originate from those dissolved in the aqueous phase and those adsorbed on the monomer droplet surfaces. The amount of coagulum was greatly reduced by increasing the level of SDS. Fig. 11(a) indicates the conversion-time curves for tBA at different concentrations of NaCl. It was observed that the higher the electrolyte concentration, the lower the rate of polymerization, which was also reported by other groups.
46,47 However, the particle size was enlarged with the concentration of NaCl, as shown in Table 6 and Fig. 11(b)-(c) . Because the concentration of NaCl was higher, the stability of the particles decreased through compressing the electric double layer, resulting in the occurrence of particle coagulation. The coagulation of the particles promoted a rapid increase in the particle size.
44,45
The effect of the alcohol to water ratio (V EtOH /V H 2 O ) on the PtBA particles was also studied. As is shown in Table 7 and Fig. 12 , the result demonstrated that the particle size decreased with the increased value of V EtOH /V H 2 O , which is just opposite to the result of methyl methacrylate (MMA) 48 because MMA can dissolve well in alcohol; however, tBA is barely soluble.
Conclusions
The cobalt porphyrin (TMOP)Co(II)-mediated living radical polymerization of tBA was successfully carried out in the dispersion and soap-free emulsion polymerization. The number-average molecular weight linearly increased with the monomer conversion. In the dispersion polymerization system, the particle size decreased with the increasing PVP concentration and [tBA] 0 /[Co] 0 . Furthermore, the PtBA particle sizes obtained from the soap-free emulsion polymerization system were less than 300 nm with relatively low polydispersity. In addition, the particle sizes decreased with the increasing concentration of SDS and V EtOH /V H 2 O value; simultaneously, the particle sizes enlarged with the increasing NaCl content. Thus, the environmentally friendly emulsion polymerization process using the LRP technique is worthwhile in preparing PtBA particles with the targeted molecular weight and in high conversion. Moreover, further study is currently ongoing to combine the living radical dispersion and soap-free emulsion polymerization mediated by other cobalt complexes such as (selen)Co(II), and so on, to prepare uniform spherical particles. 
